Peripheral capsaicin treatment induces molecular changes that sensitize the responses of nociceptive neurons in the spinal dorsal horn. The current studies demonstrate that capsaicin also undermines the adaptive plasticity of the spinal cord, rendering the system incapable of learning a simple instrumental task. In these studies, male rats are transected at the second thoracic vertebra and are tested 24 to 48 hours later. During testing, subjects receive shock to one hindleg when it is extended (controllable stimulation). Rats quickly learn to maintain the leg in a flexed position. Rats that have been injected with capsaicin (1% or 3%) in the hindpaw fail to learn, even when tested on the leg contralateral to the injection. This learning deficit lasts at least 24 hours. Interestingly, training with controllable electrical stimulation prior to capsaicin administration protects the spinal cord against the maladaptive effects. Rats pretrained with controllable stimulation do not display a learning deficit or tactile allodynia. Moreover, controllable stimulation, combined with naltrexone, reverses the capsaicin-induced deficit. These data suggest that peripheral inflammation, accompanying spinal cord injuries, might have an adverse effect on recovery.
Recovery of function after a spinal cord injury depends, in part, upon the capacity of the compromised system to establish new functional connections. The modification of central circuits in treadmill training, for example, is used to facilitate the recovery of locomotor function in humans (Wernig, Muller, Nanassy, & Cagol, 1995) . Evidence that these changes in locomotor behavior are spinally mediated comes from studies showing that subjects with complete spinal transections can produce weight-supported stepping with training (Bigbee et al., 2007; Edgerton, Roy, De Leon, Tillarkaratne, & Hodgson, 1997; Edgerton, Roy, Hodgson, Gregor, & De Guzman, 1991; Edgerton, Tillakaratne, Bigbee, de Leon, & Roy, 2004; Forssberg & Grillner, 1973; Hodgson, Roy, De Leon, Dobkin, & Edgerton, 1994; Rossignol et al., 1996) . In these subjects, locomotor behavior is supported by a central pattern generator (Grillner, 1981) located in the lumbar-sacral segments of the spinal cord (Barthelemy, Leblond, Provencher, & Rossignol, 2006; Langlet, Leblond, & Rossignol, 2005; Lavrov et al., 2006; ) . Furthermore, the spinal system can adapt reflexive behaviors with experience. Edgerton and colleagues showed that when a spinally transected rat, trained to step on a treadmill, encounters an obstacle (a bar) as it swings a leg forward, the spinal cord learns to produce a greater flexion response that reduces contact with the obstacle (Edgerton, Roy, & de Leon, 2001 ). The sensory input provided from the paw contacting the obstacle causes enhanced flexion during the swing phase. These data indicate that the spinal cord has the capacity to generate adaptive behavioral changes in response to externally applied stimuli.
After injury, neural plasticity may also result in maladaptive changes at a spinal level. Peripheral inflammation or injury can generate "central sensitization" in the spinal cord. Central sensitization results in the potentiation of responses of nociceptive neurons in the spinal dorsal horn Willis, 2001 ). Behaviorally it is manifest as allodynia (increased reactivity to innocuous sensory stimuli) and hyperalgesia (increased reactivity to noxious sensory stimuli), both of which are characteristic of neuropathic pain. As spinal cord injuries are often accompanied by peripheral tissue damage, and subsequently inflammation, this consequence of plasticity represents a significant concern for the clinical population.
Data from our laboratory suggest that adaptive and maladaptive changes linked to spinal plasticity may interact . We use a simple instrumental (response-outcome) learning task as an index of spinal plasticity. In previous studies, we have shown that the isolated spinal cord encodes the relationship between an extended leg position and electrical stimulation of the tibialis anterior muscle (Grau, Barstow, & Joynes, 1998) . If transected (second thoracic vertebrae) rats are shocked whenever they extend the leg, they rapidly learn to maintain a flexed leg position, thereby minimizing net shock exposure. This change in behavior is not due to shock exposure per se. Using a Master-Yoke paradigm rats are exposed to exactly the same amount of shock; one rat (Master) is given shock only when the leg is extended (controllable shock), while the Yoked partner receives shock whenever his 'Master' does. For the Yoked rats, shock and leg position are uncorrelated (uncontrollable shock). Under these conditions, only Master rats exhibit an increase in flexion duration, our measure of learning (Grau et al., 1998) . When subjects are subsequently tested under common conditions with responsecontingent shock, Yoked rats fail to learn, and this learning deficit lasts for up to 48 hrs (Crown, Ferguson, Joynes, & Grau, 2002a) . Conversely, rats that have previously received training with controllable shock exhibit a savings effect that enables learning when subjects are tested using a more difficult response criterion (Crown, Ferguson, Joynes, & Grau, 2002b) . The essential spinal circuits underlying instrumental learning appear to be localized to the L4-S2 region of the spinal cord (Liu et al., 2005) Recent work suggests that uncontrollable stimulation may disrupt learning because it induces a state akin to central sensitization. Supporting this, Ferguson et al., (2006) showed that exposure to uncontrollable electrical stimulation enhances reactivity to innocuous mechanical stimulation (allodynia), an index of central sensitization (Coderre & Melzack, 1985; Willis, 2001; Woolf, 1983) . In addition, a treatment that produces allodynia (intradermal carrageenan) undermined instrumental learning . Peripheral tissue damage early in development, which produces a lasting mechanical hypersensitivity, also produces a long-term disruption in instrumental learning (Young, Baumbauer, Elliot, & Joynes, 2007) . In other studies we have shown that, like central sensitization, the learning deficit induced with uncontrollable electrical stimulation depends on an NMDA-mediated process Joynes, Janjua, & Grau, 2004) , intracellular protein kinase C signaling (Bolding, Hook, Ferguson, & Grau, 2003) , and protein synthesis (Patton, Hook, Ferguson, Crown, & Grau, 2004) .
Interestingly, it appears that training with controllable electrical stimulation can both protect the spinal cord against the effects of uncontrollable electrical stimulation, and reverse the learning deficit produced by uncontrollable training. Crown and Grau (2001) found that rats trained with controllable shock prior to exposure to uncontrollable shock do not develop a learning deficit. Perhaps more clinically relevant was the finding that the learning deficit can be reversed by training with controllable shock combined with naltrexone a pharmacological agent that blocks the expression of the deficit (Crown & Grau, 2001) . Given the significant similarities between effects of uncontrollable shock and central sensitization, we hypothesize that instrumental training will also protect against the detrimental effects of capsaicin on spinal plasticity.
The studies reported in this article further explore the interaction between central sensitization and the adaptive plasticity of the isolated spinal cord. In these studies, rather than carrageenan, we use capsaicin to induce central sensitization. Capsaicin induces a robust form of central sensitization that lasts for up to several hours (LaMotte, Shain, Simone, & Tsai, 1991; Simone Baumann, & LaMotte, 1989; Willis, 2001 ) depending on the dose used. Capsaicin also primarily engages C-fibers (which release glutamate and aspartate into the dorsal horn), and the molecular mechanisms underlying its effects are well understood (Willis, 2001 (Willis, , 2002 . The present experiments, therefore, not only provide converging evidence for Ferguson et al. (2006) , they also allow us to examine what type of nociceptive fibers (A␦ or C) are necessary for the induction of the learning deficit and may provide further insight into the molecular mechanisms mediating plasticity. In these studies, we hypothesize that capsaicin will undermine the adaptive plasticity of the isolated spinal cord (Experiment 1), producing a learning deficit that outlasts the acute peripheral effects of the manipulation (Experiment 2). Based on previous studies we also predict that controllable instrumental training can be used to protect (Experiments 3 and 4) and reinstate (Experiments 5 and 6) behavioral plasticity after the induction of a learning deficit with capsaicin.
General Method

Subjects
The subjects were male Sprague-Dawley rats obtained from Harlan (Houston, TX). They were approximately 100 to 120 days old and weighed between 360 and 460 g. Subjects were individually housed with food and water available ad libitum. They were maintained on a 12-hour light-dark cycle and were tested during the last 6 hours of the light cycle.
Surgery
Rats were anesthetized with pentobarbital (50 mg/kg i.p.). To stabilize and position the rat's body for surgery, its head was held in a stereotaxic instrument and a small gauze "pillow" was placed under its chest. After the second thoracic vertebra (T2) was localized by palpation, an anterior-posterior incision (approximately 1.5 cm long) was made on the back over T2. Next, the tissue and bone at T2 was cleared away and the exposed spinal cord was transected through cauterization. The void produced was filled with Gelfoam (Harvard Apparatus, Holliston, MA) and the wound was closed with Michel Clips (Fine Science Tools, Foster City, CA).
Subjects in Experiments 5 and 6 had an intrathecal cannula lowered into the lumbar region of the spinal cord following the procedure of Yaksh and Rudy (1976) . After the spinal cord was transected, a segment of polyethylene tubing (25 cm; PE-10) fitted with a 0.23 cm (diameter) stainless steel wire (SWGX-090, Small Parts) was inserted 9 cm down the spinal cord. The tubing was inserted into the subarachnoid space, between the dura and the white matter, so as to lie on the dorsal surface of the cord. The exposed end of the tubing was secured to the adjacent tissue using an adhesive (cranoacrylate). The wire was then pulled from the tubing and the wound caudal to the exposed tubing was closed using Michel clips.
Immediately following surgery, the rats were injected with 0.9% saline (2.5 ml i.p.). To prevent muscular damage due to unnatural extension during recovery, rats' legs were gently secured in a natural flexed position with a piece of porous tape (1.3 cm width) wrapped once around their body and legs. Subjects were maintained in a temperature-controlled room (25.5°C) during recovery. Bladders were expressed twice daily, and immediately before any behavioral procedures were performed. For all experiments, the recovery period between surgery and behavioral training or testing was approximately 24 h.
Transections were confirmed by (a) visually inspecting the cord during surgery, (b) observing behavior after recovery to ensure complete paralysis below the forelimbs and no vocalization when exposed to leg shock, and (c) examining the cord post-mortem in a randomly selected subset of subjects.
injected into the dorsal surface of the foot (50 L, s.c.) to ensure that the resulting edema did not impact training or testing procedures, which involved taping a contact electrode to the plantar surface of the foot.
Apparatus
The apparatus used in the experiments is described in detail in Grau et al. (1998) . Briefly, instrumental training was conducted while the rats were loosely restrained in tubes (23.5 cm long ϫ 8 cm internal diameter). Two slots (5.6 cm long ϫ 1.8 cm wide) were cut 4 cm apart and 1.5 cm from the end of the tube, allowing the rat's hindlegs to hand freely (see Grau et al., 1998) . Leg shock was applied by attaching one lead from a BRS/LVE shock generator (Model SG-903, Laurel, MD) to a stainless steel wire inserted through the skin over the tibia, 1.5 cm from the tarsals. The other lead was attached to a stainless steel wire that was inserted 0.4 cm into the tibialis anterior muscle, 1.7 cm above the other electrode.
The position of the hindleg was monitored with a contact electrode constructed from a stainless steel rod. The contact electrode was taped to the plantar surface of the rat's foot directly in front of the plantar protuberance. A fine wire was attached to the end of the rod extending from the rear of the foot and was connected to a digital input monitored by a Macintosh computer. A plastic rectangular dish containing a salt solution was placed approximately 7.5 cm below the restraining tube. A ground wire was connected to a 1 mm stainless steel rod that was placed in the solution. When the contact electrode that was attached to the rat's paw touched the solution it completed an electrical circuit monitored by the computer. The state of this circuit was sampled at a rate of 30 HZ.
The flexion force produced by the tibialis anterior muscle was measured before testing to standardize this variable across subjects. Flexion force was measured using a strain guage that was connected to the rat's foot using a monofilament plastic line. A 300ms shock was applied to the leg, and the intensity was adjusted to a level that produced a 0.4 N flexion response for each subject prior to testing.
Tactile reactivity was tested in the Plexiglas tubes described above. It was assessed using von-Frey stimuli made from nylon monofilaments (Semmes-Weinstein Anesthesiometer; Stoelting Co., Chicago, IL), which were applied to the plantar surface of the hindpaw. Tactile data are reported using the linear monofilament number scale provided by the manufacturer: Intensity ϭ log10 (10,000 ϫ g). We performed analyses on this scale because an analysis of variance (ANOVA) assumes linearity. For the range of monofilaments used, this linear scale is more conservative than the logarithmic changes in grams or mN.
Procedure
Before the rats were placed in the restraining tubes the rear legs were shaved and marked for placement of the shock leads. The stainless steel wire electrode was then inserted over the tibia and the rats were placed in the restraining tubes. The rats were secured in the tubes with the wire 'belt' and the leg was taped to minimize lateral leg movements. The contact electrode was taped to the rats paw. Then one lead from the shock generator was attached to the electrode placed over the tibia. The shock generator was set to deliver a 0.1 mA shock and the tibialis anterior muscle (1.7 cm above the first electrode) was probed to find a site that elicited a vigorous flexion response. The second wire electrode was then inserted laterally into the tibialis anterior muscle. The electrode placements were checked by verifying that a single, intense (3 s, 1.6 mA) shock elicited a flexion response of at least 0.8 N. The shock intensity was then adjusted to elicit a 0.4 N flexion force. The line used to connect the rat's leg to the strain gauge was removed. Finally, 3 short (1.5 s) shock pulses were applied, and the level of the salt solution was adjusted so that the tip of the contact electrode was submerged 4 mm beneath the surface.
During instrumental testing, shock was applied to the tibialis anterior muscle whenever the contact electrode attached to the rat's foot touched the underlying salt solution. This responsecontingent (controllable) shock was terminated when the contact electrode left the solution. Leg position was monitored by a Macintosh computer at a sampling rate of 30 Hz.
Behavioral Measures
Three behavioral measures were used to assess a subject's capacity to learn the response-outcome relationship, or instrumental response: response number, response duration, and time in solution (see Grau et al., 1998) 
Statistics
All results were analyzed using ANOVAs. In all instances, a criterion of p Ͻ .05 was used to assess statistical significance. More specific group differences were established by means of post hoc Duncan New Multiple Range tests when appropriate.
Results
Experiment 1: Dose-Response Relationship
Previous work has shown that just 6 minutes of uncontrollable nociceptive electrical stimulation to the tail or leg produces a behavioral deficit in spinal rats (Crown et al., 2002a) . If this behavioral deficit is related to the induction of central sensitization, capsaicin should also produce a learning deficit.
Method
Thirty-two spinalized rats were randomly assigned to one of 4 drug conditions (0, 0.33, 1, or 3% capsaicin). These doses were chosen based on previous studies (e.g., Dougherty, Palecek, Paleckova, Sorkin, & Willis, 1992; Fang, Wu, Lin, & Willis, 2002; Zou, Lin, & Willis, 2002) detailing the behavioral and molecular effects of capsaicin in a model of central sensitization. A subcutaneous injection of the appropriate dose (50 L volume) was made into the dorsal surface of the left or right foot. Twenty minutes after the injection the rats were placed into the instrumental testing apparatus and prepared as described in the "General Methods" section. Preparing the subjects took approximately 10 minutes, leaving 30 minutes for the capsaicin to take effect. All subjects were then tested with controllable (response-contingent) shock for 30 minutes on the leg contralateral to the injection. An overview of the experimental design is shown in Figure 1A .
Results
To assess whether capsaicin affected baseline behavioral reactivity, we compared the shock intensity needed to produce a 0.4 N flexion force and the duration of the first flexion response across groups. Shock intensity values ranged from 0.44 Ϯ 0.03 to 0.50 Ϯ 0.02 mA. Mean (Ϯ SE) initial response durations ranged from 0.12 Ϯ 0.0 to 0.14 Ϯ 0.04 s. The groups did not differ on either measure. Independent ANOVAs confirmed that these differences did not reach significance, both Fs (3, 28) Ͻ 1.0, p Ͼ .05.
As can be seen in Figure 1 , subjects treated with vehicle displayed an increase in response duration, indicative of learning, across trials. There was a dose-dependent decrease in response duration with capsaicin exposure. An ANOVA revealed a main effect of dose on response duration, F(3, 28)ϭ 4.72, p Ͻ .01. Duncan New Multiple Range post hoc tests revealed that the response durations displayed by subjects treated with 1% and 3% capsaicin differed significantly ( p Ͻ .05) from vehicle controls. Subjects treated with 0.33% capsaicin did not differ from the other capsaicin groups or from the vehicle-treated subjects. There was also a significant effect of time on response duration, F(3, 29)ϭ Figure 1 . The design of Experiment 1 is outlined in Panel (A). There was a dose-dependent effect of capsaicin on instrumental learning. Subjects treated vehicle or 0.33% capsaicin learned the instrumental relationship between leg position and shock. They displayed an increase in flexion duration across time (B). Both the 1% and 3% doses of capsaicin produced a learning deficit, and did not show a change in response duration throughout the 30-minute testing period. The mean (Ϯ SEM) response duration for each group is shown in the right panel of 1B. The learning deficit was not caused by an inability to perform the behavioral response. Subjects treated capsaicin displayed more responses (leg flexions) than those treated with vehicle (C).
2.96, p Ͻ .001, but the interaction between dose and time was not significant, F(3, 87)ϭ 1.21, p Ͼ .05.
As in prior studies (Grau et al., 1998) , learning (as indicated by an increase in response duration) was accompanied by a decrease in response number ( Figure 1C ). Capsaicin treatment disrupted learning, but did not interfere with the capacity to exhibit a shock-induced flexion. Subjects treated with capsaicin displayed more responses than those treated with vehicle. Although there was no main effect of dose on response number, F(3, 29)ϭ 1.97, p Ͼ .05, an ANOVA confirmed a significant effect of time, F(3, 29)ϭ 3.58, p Ͻ .001, and a significant Dose ϫ Time interaction, F(3, 87)ϭ 1.36, p Ͻ .05.
Summary
Capsaicin produces a dose-dependent learning deficit at 30 minutes postinjection. Subjects treated with 1% or 3% capsaicin were unable to learn the instrumental relationship between shock and leg position on the limb contralateral to the capsaicin injection. This suggests that capsaicin has induced a change at a central level that undermines the adaptive capacity of the spinal cord.
Experiment 2: Long-Term Effects of Treatment
Uncontrollable shock induces a learning deficit that lasts for 24 to 48 hours. To test whether capsaicin has long-term effects on plasticity, like uncontrollable shock, Experiment 2 assessed learning 24 hours after capsaicin administration. As in Experiment 1, learning was assessed on the limb contralateral to the capsaicin injection. Here, as in other studies using intermittent shock to induce a deficit, contralateral transfer helps to rule out some peripheral accounts of the effects (Joynes, Ferguson, Crown, Patton, & Grau, 2003) . The present experiment will provide further evidence on this issue because the peripheral consequences of capsaicin treatment should wane within a few hours Simone et al., 1989; Willis, 2001) . Effects on learning 24 hours later, therefore, should reflect changes at a central level. To explore the relationship to other behavioral correlates of central sensitization, we also assessed tactile reactivity immediately after the injection of capsaicin and prior to testing 24 hours later.
Method
Twenty-four spinalized rats were randomly assigned to one of four groups (n ϭ 6). Groups received a subcutaneous injection of either 3% capsaicin or vehicle and were tested 30 minutes or 24 hours later. This results in a 2 (capsaicin or vehicle) ϫ 2 (30 minutes or 24 hours) experimental design ( Figure 2A ). All rats were prepared for instrumental testing as described earlier. They were tested for 30 minutes with response-contingent shock on the leg contralateral to the capsaicin injection. Tactile reactivity was examined immediately prior to testing.
Results
Instrumental learning. As found for Experiment 1, capsaicin and the time of testing did not affect the baseline behavioral reactivity of the subjects. Initial flexion durations ranged from 0.12 Ϯ 0.01 to 0.15 Ϯ 0.01 s. The shock intensity needed to induce a 0.4 N flexion ranged from 0.45 Ϯ 0.02 to 0.5 Ϯ 0.02 mA. Independent ANOVAs confirmed that the groups did not differ on either measure prior to testing (both Fs Ͻ 1.0, p Ͻ .05).
As shown in Figure 2B , the rats treated with vehicle displayed an increase in response duration, indicative of learning, over the 30 minute testing period. Capsaicin disrupted learning, independent of whether it was given 30 minutes or 24 hours before testing ( Figure 2B ). There was a main effect of drug on flexion duration, F(1, 20)ϭ 6.62, p Ͻ .05, but no effect of time of testing, F(1, 20)ϭ 1.28, p Ͼ .05. There was also no interaction between drug and time of testing, F(1, 20) Ͻ 1.0, p Ͼ .05.
Capsaicin did not undermine the subject's capacity to perform the flexion response ( Figure 2C ). There was no significant main effect of drug, the time of testing, or any interaction between the two variables, all Fs (1, 20) Ͻ 2.43, p Ͼ .05. In fact, neither capsaicin nor uncontrollable shock impeded the subject's capacity to exhibit the behavioral response in subsequent experiments. Given this, these data are not reported in Experiments 3 through 6.
Tactile Reactivity
As can be seen in Figure 3 , capsaicin treatment enhanced mechanical reactivity on both the injected and noninjected limbs. The mean reactivity thresholds (Ϯ SE) for capsaicin treated subjects on the injected limb were 5.90 (Ϯ 0.08), compared with 6.24 (Ϯ 0.08) for the vehicle controls. On the noninjected limb, reactivity thresholds for capsaicin treated subjects were 6.0 (Ϯ 0.05), whereas vehicle controls displayed significantly higher thresholds of 6.29 (Ϯ 0.08). There was a main effect of drug on mechanical reactivity thresholds, 
Summary
These data indicate that capsaicin has a long-term effect on the capacity for instrumental learning, suggesting that changes in plasticity have occurred at spinal loci. Moreover, the changes in plasticity parallel the expression of tactile allodynia, an index of central sensitization.
Experiment 3: Pretraining and 3% Capsaicin
In a previous study, we showed that prior training with controllable shock can block the induction of the learning deficit with uncontrollable shock exposure (Crown & Grau, 2001) . Experiment 3 examined whether prior exposure to controllable shock also attenuates the learning deficit induced with capsaicin treatment.
Method
The experiment treatments were conducted in two phases. Initially, 48 spinalized rats were randomly assigned to one of three groups (n ϭ 16). One group was exposed to controllable legshock for 30 minutes. These rats (Master) were given shock to the tibialis anterior muscle whenever their leg was extended and they could terminate the shock by flexing their leg. A second group of rats (Yoked) received legshock at the same time and for the same duration as their Master counterparts, but they had no control over the stimulation (they received shock irrespective of leg position). The remaining group of rats (Unshocked) were restrained for the 30 min period, but were not shocked.
Immediately after the first phase of behavioral training, half of the rats in each training condition (n ϭ 8) were given a subcutaneous injection (in the foot of the trained leg) of capsaicin (3%). The remaining rats were injected with the vehicle. Groups were divided so that the mean amount of shock that the subjects were exposed to during training was approximately equivalent across conditions (all Fs Ͻ 1.0, p Ͼ .05). This results in a 3 (training condition) ϫ 2 (capsaicin or vehicle) experimental design ( Figure  4A ). In the second phase of this experiment, 24 hrs after the capsaicin injection, all of the rats were tested with controllable shock on the leg contralateral to the injection.
Tactile reactivity was assessed with von Frey stimuli at four time points: (1) before training (baseline), (2) after training, (3) after the injection of capsaicin or vehicle, and (4) before testing. To ensure that variation in baseline scores did not influence the results, a change from baseline threshold was computed for each subject, and subsequent analyses were performed on this measure.
Results
Instrumental Learning
Phase I: Training. In training, the shock intensity needed to induce a flexion of 0.4 N ranged from 0.47 Ϯ 0.03 to 0.54 Ϯ 0.03 mA. Initial flexion durations ranged from 0.10 Ϯ 0.02 to 0.15 Ϯ 0.05 s. These group differences did not approach statistical significance (both Fs Ͻ 1.0, p Ͼ .05). Commensurate with previous studies, Master rats displayed a progressive increase in flexion duration across the 30 min training period, whereas Yoked rats did not (data not shown). There was a main effect of training condition, F(1, 30)ϭ 4.49, p Ͻ .05; time, F(1, 29)ϭ 7.14, p Ͻ .005; and a significant Training Condition ϫ Time interaction, F(1, 29)ϭ 3.17, p Ͻ .005.
Phase II: Testing. Twenty-fours after training, the capacity for instrumental learning was assessed on the contralateral limb. First, we examined whether training affected baseline behavioral reactivity to shock. The shock intensity needed to induce a 0.4 N flexion ranged from 0.38 Ϯ 0.01 to 0.29 Ϯ 0.04 mA. Initial flexion durations ranged from 0.12 Ϯ 0.003 s to 1.38 Ϯ 1.27 s. These group differences were not statistically significant (all Fs Յ 2.81, p Ͼ .05).
As can be seen in Figure 4B , vehicle-treated Yoked rats displayed significantly lower response durations than Master rats during testing. Further, rats treated with capsaicin did not learn as well as the vehicle controls. There were significant main effects of drug treatment, F(1, 42) ϭ 7.58, p Ͻ .01, and pretraining condition, F(2, 42) ϭ 6.50, p Ͻ .01. Post hoc analyses comparing pretraining conditions only (data collapsed across the capsaicin and vehicle treated groups) showed that Master rats had significantly higher response durations than Yoked rats ( p Ͻ .05). There was no significant difference between the response durations displayed by the Unshocked controls compared to either Master or Yoked rats. Prior training with controllable stimulation also appeared to attenuate the effects of capsaicin, but there was no significant interaction between drug and training condition for response duration, F(2, 42) ϭ 1.49, p Ͼ .05.
Tactile Reactivity
Baseline thresholds ranged from 6.33 (Ϯ 0.11) to 6.45 (Ϯ 0.00) on the injected leg, and from 6.15 (Ϯ 0.07) to 6.43 (Ϯ 0.07) on the noninjected leg. There were no significant differences in the thresholds recorded across the groups, F(2, 42) ϭ 1.01, p Ͼ .05. There was also no effect of the controllable shock training on reactivity thresholds, F(2, 45) ϭ 2.05, p Ͼ .05.
The injection of capsaicin did, however, affect reactivity thresholds. As can be seen in Figure 5A (Post-Injection), all of the capsaicin-treated subjects displayed an allodynic response, or lowered motor reactivity thresholds, on the injected leg. There was a significant main effect of capsaicin on tactile thresholds, F(1, 42)ϭ 19.97, p Ͻ .0001, but no effect of training, F(2, 42)ϭ 2.02, p Ͼ .15. There was also a significant three-way interaction between leg (injected or not injected), training condition and drug, F(2, 42)ϭ 6.02, p Ͻ .005. To further explore this 3-way interaction, we conducted independent ANOVAs on the vehicle and capsaicin treated groups. In the vehicle-treated subjects, there was no effect of training condition on tactile reactivity, F(2, 21) ϭ 1.20, p Ͼ .05, or any interaction between training condition and leg, F(2, 21) ϭ 1.56, p Ͼ .05. For the capsaicin treated subjects, however, there was an interaction between leg and training condition, F(2, 21) ϭ 5.94, p Ͻ .01. As can be seen in Figure 5A , capsaicin-treated rats displayed an allodynic response on the leg injected with capsaicin (right panel). On the noninjected leg (5B, right panel), however, Master rats did not show a change from baseline reactivity while both Yoked and Unshocked rats displayed allodynia. It appears that Master training induced a change in spinal neural circuitry that protects against the development of allodynia on the limb contralateral to the peripheral injury.
By the time of testing, the protective effects of Master training on allodynic responses were reduced ( Figure 5B, right panel) . Figure 5 . Three percent capsaicin significantly reduced tactile reactivity thresholds on both the injected and noninjected limbs (A and B respectively, right panels). Interestingly, Master training protected the spinal cord against the effects of capsaicin on the noninjected limb when assessed in the Post-Injection period (B, right panel) . This significant effect is highlighted with the hatched box. There was no effect of training condition in the vehicle-treated subjects, although there was a tendency for Yoked training to reduce tactile reactivity thresholds on the trained and injected leg (A, left panel).
Immediately prior to testing, capsaicin-treated rats displayed significantly lower motor reactivity thresholds to von Frey stimuli, F(1, 42) ϭ 30.54, p Ͻ .0001. There was no effect of training condition, F(2, 42) Ͻ 1.0, p Ͼ .05, nor a Drug ϫ Training Condition interaction, F(2, 42) ϭ 1.54, p Ͼ .05. For the capsaicin treated groups, all subjects displayed a lower reactivity threshold on the injected, compared to the noninjected leg, F(1, 21) ϭ 7.37, p Ͻ .01, but there was no interaction between leg and training condition, F(1, 21) Ͻ 1.0, p Ͼ .05. In the vehicle-treated subjects, there was no effect of training condition, F(1, 21 Ͻ 1.0, p Ͼ .05, or any Training Condition ϫ Leg interaction, F(1, 21) ϭ 3.19, p Ͼ .05.
Summary
We found that a high concentration of capsaicin produced a lasting impairment and it appeared that training with controllable shock lessened this effect. However, individual comparisons with the yoked and unshocked capsaicin treated groups were not significant, F(2, 15) ϭ 1.53, p Ͼ .05. A high concentration of capsaicin may produce such a robust deficit that it is relatively insensitive to modulating variables.
Experiment 4: Pretraining and 1% Capsaicin
The present experiment examined whether instrumental control impacts the deficit produced by a lower concentration (1%) of capsaicin. As Yoked training undermined learning in both capsaicin and vehicle treated rats (Experiment 3), Experiment 4 focused on a comparison of Master and Unshocked rats.
Method
As in Experiment 3, this experiment involved two phases. In the first phase 24 spinally transected rats were randomly assigned to 2 groups (n ϭ 12). One group (Master) was exposed to controllable legshock for 30 minutes. The remaining rats (Unshocked) were restrained for the 30-minute period, but were not shocked.
After the first phase of behavioral training, half of the rats in each training condition (n ϭ 6) were given a subcutaneous injection of capsaicin (1%) in the leg ipsilateral to training. The remaining rats were injected with vehicle. This results in a 2 (training condition) ϫ 2 (capsaicin or vehicle) experimental design ( Figure 6A ). In Phase 2 of the experiment, 24 hrs after the injection, all of the rats were tested with controllable shock for 30 minutes on the contralateral limb.
Tactile reactivity was assessed with von Frey stimuli 1) before training (baseline), 2) after training, 3) after the injection of capsaicin or vehicle, and 4) before testing.
Results
Instrumental Learning
Phase I: Training. The two Master groups, treated with controllable shock, did not differ on measures of the duration of the first flexion response or the shock intensity required to elicit a flexion force of 0.4 N (both Fs Ͻ 1.0, p Ͼ .05). During training, Master rats exhibited an increase in flexion duration over time, F(29, 290) ϭ 6.00, p Ͻ .001, and the two groups exhibited comparable learning, F(1, 10) Ͻ 1.0, p Ͼ .05.
Phase II: Testing. Prior to testing, the average shock intensity needed to induce a flexion of 0.4 N ranged from 0.34 Ϯ 0.02 to 0.36 Ϯ 0.02 mA. Initial shock durations ranged from 0.14 Ϯ 0.01s to 0.36 Ϯ 0.23 s. Independent ANOVAs revealed no differences between groups (both Fs Ͻ 1.0, p Ͼ .05).
As shown in Figure 6B , both the Master and Unshocked rats treated with vehicle learned in the testing period. Master rats treated with capsaicin also learned, but the Unshocked rats treated with capsaicin failed. There was a significant main effect of drug on flexion duration, F(1, 20) 
Tactile Reactivity
Baseline reactivity thresholds ranged from 6.43 (Ϯ 0.05) to 6.58 (Ϯ 0.03) on the injected leg, and from 6.52 (Ϯ 0.05) to 6.58 (Ϯ 0.02) on the non-injected leg. The reactivity thresholds did not differ across groups, F(1, 20) Ͻ 1.0, p Ͼ .05. Master training did not influence tactile reactivity, F(1, 20) Ͻ 1.0, p Ͼ .05 ( Figure 7) .
As found in Experiment 3, the injection of capsaicin significantly lowered tactile reactivity thresholds (Figure 7), F(1, 20) ϭ 12.58, p Ͻ .01. Moreover, all subjects displayed lowered reactivity thresholds on the injected leg ( Figure 7A ), compared to the noninjected leg, F(1, 20) ϭ 18.97, p Ͻ .001. There was no effect of training condition, F(1, 20)ϭ 3.22, p Ͼ .05, or any Drug ϫ Training Condition interaction at the post-injection time point,
Interestingly, by the time of testing master subjects treated with capsaicin resembled vehicle treated rats (Pretesting, Figure 7 ). Only As found for the 3% dose, 1% capsaicin significantly lowered reactivity thresholds, on the injected leg, 5 min after the injection of capsaicin (A, right panel, Post-injection). Capsaicin-treated rats that trained with controllable shock, however, resembled vehicle treated rats for the pre-testing assessment on both the injected and noninjected legs (right panels, Pre-testing). This effect is highlighted with the hatched boxes. Unshocked rats that were treated with capsaicin were allodynic in the Pre-testing period. Vehicle-treated rats did not display any change in tactile reactivity throughout the assessment periods.
Unshocked rats treated with capsaicin displayed a significant allodynic response. Master training appears to induce a change in spinal neural circuitry that protects against the development of long-term allodynia with peripheral injury. There was a significant interaction between drug treatment and training condition, 
Summary
The results of Experiment 4 indicate that training with electrical stimulation paradigms can be used to modulate the consequences of a moderate form of peripheral inflammation. Moreover, it suggests that there is a common mechanism mediating the effects of uncontrollable electrical stimulation and the afferent barrage induced with capsaicin.
Experiment 5: Naltrexone Blocks Expression of the Deficit
We have previously shown that naltrexone can be used to block the expression of the learning deficit induced with uncontrollable electrical stimulation , temporarily restoring plasticity for re-training the spinal cord. The capacity to reinstate plasticity after peripheral inflammation would be clinically important for therapies that aim to reestablish adaptive neural circuits following spinal injury, including treadmill training and functional electrical stimulation paradigms. Experiment 5 tests the hypothesis that naltrexone could be used to block the expression of the learning deficit induced with capsaicin.
Method
Twenty-four spinalized rats were randomly assigned to one of 4 groups (n ϭ 6). Half of the subjects were given a subcutaneous (s.c.) injection of capsaicin (1%) while the remaining subjects received a s.c. injection of the vehicle. Six hours after the injection, subjects were given an intrathecal (i.t.) injection of naltrexone (7 g in 1 l) or vehicle and were tested with controllable shock. This results in a 2 (capsaicin or vehicle) ϫ 2 (naltrexone or vehicle) experimental design ( Figure 8A ).
Tactile reactivity was assessed with von Frey stimuli (1) before the injection of capsaicin or vehicle (baseline), (2) after the injection of capsaicin or vehicle, and (3) before testing.
Results
Instrumental Learning
The shock intensity needed to induce a flexion of 0.4 N ranged from 0.32 Ϯ 0.02 to 0.36 Ϯ 0.02 mA. Initial flexion durations ranged from 0.21 Ϯ 0.01 to 0.25 Ϯ 0.07 s. There was no effect of capsaicin or naltrexone treatment on either dependent variable (both Fs Ͻ 1.37, p Ͼ .05).
As shown in Figure 8B, 
Tactile Reactivity
Baseline tactile reactivity ranged from 6.42 (Ϯ 0.06) to 6.61 (Ϯ 0.02) across groups. This difference, due to chance, was statistically significant (Fs Ͼ 5.09, p Ͻ .05). To control for these baseline differences, all subsequent analyses were performed on a change from baseline score.
In contrast to the previous experiments, capsaicin per se produced a modest effect that did not reach statistical significance, both Fs (1, 20) Ͻ 3.16, p Ͼ .05. There was a significant main effect of leg (injected versus not injected) on tactile reactivity prior to testing, F(1,18) ϭ 14.69, p Ͻ .001, but no differences emerged across groups. All subjects displayed lower reactivity thresholds on the leg ipsilateral to the injection prior to testing. No other comparisons were significant.
Summary
As found for uncontrollable electrical stimulation, naltrexone blocked the expression of the learning deficit induced with capsaicin, and allowed for adaptive learning in the isolated cord. Perhaps because of the relatively low concentration of capsaicin used in this study, we did not observe a significant effect of capsaicin on tactile reactivity immediately after injection. Naltrexone treatment may have masked the effects of capsaicin prior to testing: both the s.c. capsaicin and vehicle treated groups displayed lower reactivity thresholds prior to testing. Indeed, in Experiment 4, more robust allodynia was observed in unshocked rats (using 1% capsaicin) 24 hrs after the injection.
Experiment 6: Controllable Stimulation as a Therapy
A previous study suggests that naltrexone alone does not have a restorative effect. Using uncontrollable electrical stimulation, Crown and Grau (2001) induced a learning deficit in spinalized rats. They then gave naltrexone alone or combined drug treatment with instrumental training. Twenty-four hours later only the rats given both naltrexone and instrumental training were able to learn. Naltrexone alone did not eliminate the learning deficit. The longterm reinstatement of plasticity appeared to depend on controllable shock training.
Experiment 6 examined whether controllable stimulation was also critical for the restoration of plasticity after the injection of capsaicin. We compared rats trained with naltrexone and controllable shock to those treated with naltrexone alone. The capacity for instrumental learning was assessed 18 hours after naltrexone administration, to ensure that the drug was no longer pharmacologically active.
Method
Thirty-two subjects were randomly assigned to one of 4 groups (n ϭ 8). Initially, half of the subjects were given a s.c. injection of capsaicin (1%) while the remaining subjects received an injection of the vehicle. Six hours after the injection, half of the capsaicin treated groups, and half of the vehicle controls, were given naltrexone and trained with controllable electrical stimulation (Master). The remaining subjects (Unshocked) were given naltrexone alone (Unshocked). Eighteen hours later all subjects were tested with 30 minutes of controllable electrical stimulation. (The Master rats, treated with i.t. naltrexone, in Experiment 5 were used as subjects in this study also. Therefore, training data is not reported in the results of this experiment.) A summary of this experimental design is given in Figure 9A . As a further control, a fifth group of subjects (n ϭ 8) were included in an initial analysis to verify that naltrexone alone did not affect the maintenance of the learning deficit. These subjects were treated with capsaicin, then 6 hours later were given the i.t. vehicle alone (Unshocked). They were tested 18 hours later.
Baseline tactile reactivity was assessed before the capsaicin injection. Changes in reactivity were assessed (1) 5 min after injection, (2) immediately prior to training, (3) after training, and (4) prior to testing.
Results
Instrumental Learning
The shock intensity needed to induce a flexion force of 0.4 N ranged from 0.53 Ϯ 0.02 to 0.54 Ϯ 0.03 mA. Initial shock durations ranged from 0.13 Ϯ 0.00 to 0.16 Ϯ 0.01 s. Neither drug treatment (capsaicin or vehicle) nor training condition (Master or Unshocked) affected these measures of baseline reactivity (both Fs Ͻ 1.0, p Ͼ .05).
First, to examine the suffiency of naltrexone alone as a therapy, we compared the responses of the two groups of unshocked capsaicin-treated rats. One of these groups had been treated with i.t. naltrexone while the other had received i.t. vehicle. There was no long-term effect of i.t. naltrexone treatment on the capsaicininduced learning deficit, F(1, 21) Ͻ 1.0, p Ͼ .05; data not shown. Having established that naltrexone alone did not affect the maintenance of the learning deficit, we assessed whether combining naltrexone treatment with instrumental training could attenuate the capsaicin-induced deficit. As usual, rats that did not receive capsaicin treatment (vehicle) exhibited a progressive increase in response duration over the 30 minutes of testing. Rats that received capsaicin followed by naltrexone alone exhibited poor learning when tested 24 hours later. Rats that received training with controllable shock after capsaicin treatment did not exhibit a learning deficit. This yielded a significant Drug ϫ Training Condition interaction, F(1, 28) ϭ 4.19, p Ͻ .05; Figure 9 . The main effects of drug and training condition alone were not significant, both Fs (1, 28) Ͻ 1.99, p Ͼ .05. As can be seen in Figure 9B , the rats given capsaicin and treated with controllable shock showed even higher levels of learning than the vehicle treated controls.
Tactile Reactivity
Baseline reactivity thresholds did not differ significantly across groups, F(1, 26) Ͻ 1.0, p Ͼ .05. Moreover, as found for Experiment 5, capsaicin did not alter mechanical reactivity thresholds prior to, or after, instrumental training, all Fs (1, 26) Ͻ 2.06, p Ͼ .05. Capsaicin treated rats did show slight allodynia in the injected leg prior to testing, F(1, 26) ϭ 5.93, p Ͻ .05, but this was not affected by instrumental training, F(1, 26) ϭ 1.06, p Ͼ .05, data not shown).
Summary
As found for uncontrollable electrical stimulation, naltrexone alone did not eliminate the learning deficit. Instead, controllable shock training, combined with the opioid antagonist, is necessary for the long-term reinstatement of plasticity.
Discussion
Central Sensitization and Learning
Our previous studies have shown that uncontrollable electrical stimulation undermines the adaptive plasticity of the spinal cord, and renders the system incapable of instrumental conditioning Figure 9 . Experiment 6 examined the effects of controllable stimulation training on the learning deficit induced with 1% capsaicin (A). Controllable stimulation training, combined with naltrexone, reversed the deficit. Master subjects, treated with s.c. capsaicin and i.t. naltrexone, displayed an increase in response duration across the testing period (B, center panel). There were no significant differences in the response durations displayed by these subjects and either group of s.c. vehicle controls (B, left panel) . Subjects that received s.c. capsaicin and i.t. naltrexone without controllable stimulation training, displayed significantly lower response durations than their trained counterparts (B, center panel). Mean response durations (Ϯ SEM) are shown in the far right panel for each condition. (Grau et al., 1998 . Ferguson et al. (2006) suggested that this learning deficit is due to the development of a state akin to central sensitization. Supporting this, they demonstrated that intradermal formalin treatment undermines learning . The studies reported here support these findings and, by using capsaicin treatment, implicate C-fibers in the induction of the deficit. Specifically, we found that peripheral capsaicin treatment undermines instrumental learning in a dose-dependent manner (Experiment 1), and this loss of adaptive plasticity lasts at least 24 hours (Experiment 2). Pretraining with controllable shock attenuates the deficit, and this effect is most evident when a moderate concentration of capsaicin (1%) is used (Experiment 4). Moreover, as found for uncontrollable electrical stimulation Crown & Grau, 2001) , naltrexone can reverse the expression of the deficit induced (Experiment 5) and, in combination with behavioral training, decrease the long-term consequences of capsaicin treatment (Experiment 6).
These findings are important, in part, because they demonstrate that our work using uncontrollable electrical stimulation generalizes to more naturalistic physiological states. We have used electrical stimulation previously because it allows for precise control over the activation of nociceptive fibers and the elicitation of behavior. Objective control over the timing of stimulation is not only relevant to instrumental learning, it is also important for functional electrical stimulation (FES) therapies. Also, electrical stimulation allowed us to study the effects of nociceptive input without inducing lasting peripheral tissue damage. A criticism of this approach, however, has been that electrical stimulation is an artificial stimulus and, as such, it was not clear whether the consequences of uncontrollable shock had a natural analog. The present experiment suggests that it does. Peripheral inflammation has similar behavioral consequences to uncontrollable electrical stimulation.
Like the deficit induced with uncontrollable electrical stimulation, the learning deficit observed after inflammation was temporarily reversed by the administration of an opioid antagonist. These data are consistent with other recent studies that implicate the opioid receptor in the expression of the learning deficit (Washburn, Maultsby, & Grau, 2005) . Moreover, they concur with studies linking the maintenance of central sensitization to an upregulation of dynorphin within the dorsal spinal cord (Draisci, Kajander, Dubner, Bennett, & Iadarola, 1991; Dubner & Ruda, 1992; Kajander, Sahara, Iadarola, & Bennett, 1990; ) . Extending these studies, our data also suggest that blocking the opiate system may be clinically useful in a sensitized spinal system. When we blocked the expression of the capsaicin-induced deficit with naltrexone, we were able to retrain the spinal cord and reinstate adaptive plasticity. Controllable electrical stimulation was integral to this therapy (Experiment 6). Controllable electrical stimulation may, therefore, provide a means for modulating the plasticity, as well as guiding the development, of spinal neural circuits (Hook & Grau, 2007) . These observations have important clinical implications with regards to the application of functional electrical stimulation. They suggest that response-contingent feedback, in an electrical stimulation paradigm, can influence the induction and the maintenance of central sensitization and thereby influence the development of neuropathic pain.
Impact on Mechanical Allodynia
Tests of mechanical reactivity demonstrated that a high concentration of capsaicin (3%) induced a robust state of allodynia. Interestingly, instrumental control slowed the development of allodynia after the injection of 3% capsaicin, and caused the allodynia observed after a 1% dose to decay more rapidly (Experiment 4). The effects of controllable stimulation seen in Experiments 3 and 4 suggest that the induction of tactile allodynia is modulated by neural circuits involved in instrumental training. However, in contrast to the pre-training data, it is less clear whether therapy using controllable stimulation affects allodynia. As discussed previously, this may be due, in part, to use of a low concentration of capsaicin (1%) that produced a relatively weak allodynia in the untrained subjects (Experiments 5 and 6).
While instrumental training modulated the induction of allodynia, when given before capsaicin, training per se had little effect on tactile reactivity. Controllable stimulation did not appear to reduce tactile reactivity, and uncontrollable stimulation did not produce allodynia. These findings are in contrast to an earlier report by Ferguson et al. (2006) who showed that 6 minutes of intermittent shock enhanced mechanical reactivity. This discrepancy may be partially explained by methodological differences. Specifically, the procedures used across these studies differed in the amount of shock applied and the time between testing and training. Whereas Ferguson et al. (2006) applied a fixed amount of stimulation, the current study involved Master training and the amount of shock applied to the Yoked rat, receiving uncontrollable stimulation, depended on the performance of the Master. Also, in cases where the Master rat rapidly learned, few shocks occurred after the first 10 minutes of training and, as a consequence, approximately 20 minutes would elapse between shock administration and the post-training assessment of tactile reactivity. In the study of Ferguson et al. (2006) , tactile reactivity was assessed immediately after training with uncontrollable shock. Another key difference between these studies concerns experimental power; the study of Ferguson et al. (2006) used group sizes that were roughly 2 times larger than those used in the present study. Despite this discrepancy it is clear that a high concentration of capsaicin (3%) produces a more robust allodynia than uncontrollable shock. The effect of shock appears to be more akin to the 1% capsaicin concentration, which also induced an allodynia of a modest magnitude.
Neurochemical/Neurophysiological Mechanisms
There appear to be strong parallels between the effects of uncontrollable stimulation and central sensitization at multiple levels of analysis. At a molecular level, the learning deficit has been linked to a kappa opioid mediated process . The deficit induced with uncontrollable electrical stimulation also depends on NMDA receptor activation , metabotropic group I glutamate receptors (Ferguson et al., 2004) , and the neurokinin I (NKI) substance P receptor (Baumbauer, Young, Hoy, & Joynes, 2007) . Ferguson, Washburn, Crown, & Grau (2003) also found that administration of the GABA antagonist, bicuculline, attenuated the learning deficit in a dose-dependent fashion. Intracellular processes that are integral to the induction of the deficit involve protein kinase C (PKC) activation (Bolding et al., 2003) and protein synthesis (Patton et al., 2004; Baumbauer, Young, Hoy, France, & Joynes, 2006) . Paralleling these findings, the development of central sensitization depends on NMDA (Dougherty et al., 1992; Soliman, Yu, & Coderre, 2005; Zou et al., 2002) , metabotropic group I glutamate (Fang, Wu, Zhang, Lin, & Willis, 2003; Neugebauer, Chen, & Willis, 2000; Soliman et al., 2005) , and NK1 receptors (Dougherty, Palecek, Paleckova, & Willis, 1994) . The maintenance of central sensitization is also correlated with an upregulation of the kappa opioid, dynorphin (Draisci et al., 1991; Dubner & Ruda, 1992; Kajander et al., 1990) , and the present studies show that the learning deficit induced with capsaicin can be reversed with an opioid antagonist. Inflammation also increases GABA immunoreactivity within spinal laminae I to III, and the allodynia characteristic of central sensitization is attenuated by the GABA-A antagonist bicuculline (Castro-Lopez, Tavares, Tolle, & Coimbra, 1994; Sluka, Willis, & Westlund, 1993 . Numerous studies have also demonstrated the necessity of PKC activation in the induction of central sensitization (Igwe & Chronwall, 2001; Kawasaki et al., 2004; Lin, Peng, & Willis, 1996; Sluka, Rees, Chen, Tsuruoka, & Willis, 1997; Zhou, Li, & Zhao, 2003; Zou, Lin, & Willis, 2004 ). It appears that at a cellular level the effects of uncontrollable stimulation and central sensitization depend on remarkably similar molecular processes.
Contrasting with the deficit, our data suggest that adaptive response modifications and inflammation have opposing effects on plasticity and nociceptive processing. Whereas adaptive response modifications appear to enable the learning of selective responses (instrumental learning) and inhibit the generalized increase in mechanical reactivity observed as a consequence of capsaicin exposure, inflammation enhances mechanical reactivity and inhibits instrumental learning. Previous research has established that, at a molecular level, both processes involve a form of NMDARmediated plasticity (Dougherty et al., 1992; Ferguson et al., 2006; Soliman et al., 2005; Zou et al., 2002; ) . We have previously hypothesized that the maladaptive plasticity involved in central sensitization induces a diffuse state of overexcitation in the spinal cord that saturates plasticity and precludes the subsequent learning of selective response-outcome relations . The studies reported here support a complementary prediction: that instrumental learning induces a state that counters the development and/or maintenance of over-excitation. Specifically, our data suggest that instrumental learning protects the cord against the diffuse increase in neural excitability, producing molecular changes that prevent the induction of the deficit and, potentially, reduce the excitotoxic effects resulting from central sensitization at the cellular level.
In our laboratory, we have started to explore the differences between controllable and uncontrollable electrical stimulation at the neurochemical level. In collaboration with Gomez-Pinilla et al. (2007) , we found that training with controllable shock increased BDNF mRNA expression, while uncontrollable stimulation downregulated expression. We proposed that this training-induced increase in BDNF expression might enable learning when Master subjects were tested with a more difficult response criterion. Supporting this, we found that a microinjection of BDNF fostered learning and a BDNF inhibitor blocked the enabling effects of prior training with controllable shock (Huie, Gomez-Pinilla, Ying, Edgerton, & Grau, 2005) . Intrathecal administration of BDNF also blocked the development of the learning deficit induced with uncontrollable shock (Huie, Hoy, Miranda, & Grau, 2007) . These data suggest that BDNF might mediate the beneficial effects of controllable stimulation.
The effects of controllable and uncontrollable electrical stimulation may also depend on different fiber types. The finding that capsaicin led to a learning deficit implicates C-fibers and the release of Substance P in the maladaptive loss of plasticity. Indeed, antagonism of the Substance P (neurokinin 1 [NK1]) receptor blocks the induction of the learning deficit . Conversely, an intrathecal microinjection of a Substance P analog inhibits learning . However, while Substance P inhibits learning, administration of an NK1 receptor antagonist does not interfere with learning. This suggests that the acquisition of an instrumental response does not depend on C-fiber activity, and implicates myelinated A-fibers instead. It would appear that if A-fiber input is correlated with a regular signal of limb position it leads to learning and inhibits some of the consequences of C-fiber activity (e.g., the induction of central sensitization and the learning deficit).
This adaptive effect also seems to depend, in part, upon an appropriate level of stimulation. The stimulation must be intense enough to elicit a robust behavioral response, or the subjects habituate to the stimulus (Grau et al., 1998) . Our previous studies have shown that intermediate shock intensities (i.e., intensities that elicit a flexion force of 0.4 N) produce optimal learning, as well as a learning deficit in yoked rats (Grau et al., 1998) . Assuming that the induction of the deficit requires C-fiber activity, these data suggest that the intensity of stimulation required for learning is suprathreshold for C-fibers. We hypothesize that during adaptive learning A-fiber input must be modulating the effects of C-fiber stimulation.
Our studies have shown that the induction of adaptive learning undermines the development of the learning deficit, and vice versa. Therefore, if learning depends on A-fiber activity, the loss of adaptive plasticity must also involve modification of these circuits. We know that with peripheral inflammation A␤-fibers can undergo a phenotypic switch and begin to act like C-fibers; they express Substance P and BDNF (Mannion et al., 1999; Neumann, Doubell, Leslie, & Woolf, 1996) . Consequently, innocuous mechanical stimuli that activate A␤-fibers now elicit pain. The longterm effects of the learning deficit induced with capsaicin may depend on such a modification of A-fiber activity.
Implications
Overall, the data reported here have significant clinical implications. Noxious input from a central or peripheral injury may undermine the functional plasticity of the spinal system, and the changes that they produce may affect long-term recovery. To restore function after a spinal injury it is necessary to not only preserve or regenerate spinal neurons, but also to retain the capacity to establish functional neural circuits that can modulate behavioral output. In fact, these data may explain the divergent effects of behavioral locomotor training exercises, with some patients benefiting from the training while others do not. Our data suggest that in the presence of central sensitization, behavioral training exercises will not modify spinal circuits and facilitate recovery. However, our results suggest that behavioral training could, if coupled with naltrexone treatment, engage adaptive plasticity in the spinal cord and counter the adverse effects of central sensitization. Indeed, the reinstatement of adaptive plasticity in the injured spinal system may not only facilitate recovery, it may also be an important step in the treatment of neuropathic pain.
